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arterial line filter is employed. In phase II of the study we
examine the hypothesis that hypoxic brain injury is
increased if normoxic perfusion is employed in the set-
ting of CPB, deep hypothermia, and circulatory arrest.
Methods
Experimental preparation. Experimental preparation was
identical to that in phase I of the study (see page 1166) except
that arterial cannulation was through the femoral artery with
T he traditional management of cardiopulmonarybypass (CPB) has included the use of high arterial
oxygen pressures. In recent years, however, many centers
have changed their bypass protocol to normoxic perfu-
sion because of data suggesting increased myocardial
injury by free radicals with hyperoxic perfusion. In phase
I of this study we demonstrated that normoxic perfusion
does not increase the risk of brain injury by gaseous
microemboli so long as a membrane oxygenator with
Objectives: Laboratory studies suggest that myocardial reperfusion injury
is exacerbated by free radicals when pure oxygen is used during car-
diopulmonary bypass. In phase I of this study we demonstrated that nor-
moxic perfusion during cardiopulmonary bypass does not increase the
risk of microembolic brain injury so long as a membrane oxygenator
with an arterial filter is used. In phase II of this study we studied the
hypothesis that normoxic perfusion increases the risk of hypoxic brain
injury after deep hypothermia with circulatory arrest. Methods: With
membrane oxygenators with arterial filters, 10 piglets (8-10 kg) under-
went 120 minutes of deep hypothermia and circulatory arrest at 15°C,
were rewarmed to 37°C, and were weaned from bypass. In 5 piglets nor-
moxia (PaO2 64-181 mm Hg) was used during cardiopulmonary bypass
and in 5 hyperoxia (PaO2 400-900 mm Hg) was used. After 6 hours of
reperfusion the brain was fixed for histologic evaluation. Near-infrared
spectroscopy was used to monitor cerebral oxyhemoglobin and oxidized
cytochrome a,a3 concentrations. Results: Histologic examination revealed
a significant increase in brain damage in the normoxia group (score 12.4
versus 8.6, P = .01), especially in the neocortex and hippocampal regions.
Cytochrome a,a3 and oxyhemoglobin concentrations tended to be lower
during deep hypothermia and circulatory arrest in the normoxia group
(P = .16). Conclusions: In the setting of prolonged deep hypothermia and
circulatory arrest with membrane oxygenators, normoxic cardiopul-
monary bypass significantly increases histologically graded brain dam-
age with respect to hyperoxic cardiopulmonary bypass. Near-infrared
spectroscopy suggests that the mechanism is hypoxic injury, which pre-
sumably overwhelms any injury caused by increased oxygen free radi-
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an 8F cannula (Medtronic BioMedicus, Inc, Minneapolis,
Minn) and a 24F venous cannula (USCI Division, C.R. Bard
Inc, Billerica, Mass) was inserted in the right atrium, working
through an incision in the third intercostal space.
All animals received humane care in compliance with the
“Principles of Laboratory Animal Care” formulated for the
National Society for Medical Research and the “Guide for the
Care and the Use of Laboratory Animals” prepared by the
National Institute of Laboratory Animal Resources and pub-
lished by the National Institutes of Health (NIH Publication
No. 86-23, revised 1985).
CPB technique. In all animals the CPB circuit consisted of
a roller pump (Cardiovascular Instrument Corp, Wakefield,
Mass), membrane oxygenator (VPCML plus; COBE
Cardiovascular, Inc, Arvada, Colo), and sterile tubing
(OLSON Medical Sales Inc, Ashland, Mass) with 40-m m
arterial filter (pediatric extracorporeal blood filter; Pall
Biomedical, Inc, Fajardo, PR). Pump prime and flow rates
and alpha-stat strategy were as for phase I. After 30 minutes
of cooling all animals underwent 120 minutes of deep
hypothermia and circulatory arrest after which 0.25 mg/kg
furosemide, 0.5 g/kg mannitol, and 10 mL sodium bicarbon-
ate were administered into the pump. The animal was then
rewarmed to a temperature of 37°C during 40 minutes. The
heart was defibrillated as necessary at 25°C. Fresh whole
blood from a donor animal was transfused into the pump as
required to increase the hematocrit to a range of 20% to 25%
during rewarming. Ventilation was restarted 10 minutes
before the weaning from CPB, with an inspired oxygen frac-
tion of 0.4 (normoxia group) or 1.0 (hyperoxia group). The
animal was then weaned from CPB. Intravenous protamine (6
mg/kg) was administered, followed by decannulation once
the animal’s hemodynamic condition was stable. If deemed
necessary, dopamine was administered intravenously to facil-
itate weaning. After the operation all animals remained fully
sedated, paralyzed, and intubated and were monitored contin-
uously for 6 hours from the start of reperfusion after CPB, at
which time the chest was opened by median sternotomy to
allow perfusion fixation of the brain.
Data collection
Near-infrared spectroscopy. Before the operation a pair of
fiberoptic optodes for near-infrared spectroscopy (NIRS) was
attached to the head of the animal. The optode spacing was
3.0 to 3.5 cm in a coronal plane. The 2 optodes, a transmitter
and a receiver of laser light at near-infrared wavelengths,
were connected to a near-infrared spectrometer (NIRO-500;
Hamamatsu Photonics KK, Hamamatsu City, Japan), which
calculated relative concentration changes in oxyhemoglobin,
deoxygenated hemoglobin, and oxidized cytochrome a,a3 in
brain tissue. Data were recorded every 10 seconds throughout
the experiment. A steep and sudden decrease of oxyhemoglo-
bin, hemoglobin, and cytochrome a,a3 concentrations after
the start of brain perfusion validated the accurate placement
of the optodes in all experiments. A differential path length
factor of 3.85 was assumed for the calculation of absolute
chromophore changes.1
Blood gases and biochemical analyses. Arterial and venous
(jugular bulb) blood gas values, including electrolyte, glu-
cose, and lactate concentrations, were measured at baseline,
5 minutes after the start of CPB, every 10 minutes during
CPB, 30 minutes after the end of CPB, and at the end of the
experiment (Nova 900; Nova Biomedical, Waltham, Mass).
Additional blood samples were taken at baseline, 30 minutes
after termination of CPB, and at the end of the experiment to
determine concentrations of products of lipid peroxidation
and nitric oxide production. Concentrations of enzyme mark-
ers of ischemic brain damage, neuron-specific enolase and S-
100, were assessed at baseline and at the end of the experi-
ment. The blood samples were immediately centrifuged and
the serum was stored at –80°C for further processing.
Glutamic oxaloacetate transaminase, glutamic pyruvic
transaminase, lactate dehydrogenase, and creatine kinase
were measured at the end of the experiment by standard lab-
oratory kits and compared among groups.
Products of lipid peroxidation (malonaldehyde and 4-
hydroxy-2[E]-nonenal;) were measured with a specific col-
orimetric assay kit (Lipid Peroxidation Kit; CN Biosciences,
Inc, San Diego, Calif). Absorbance at 586 nm was deter-
mined with a standard spectrophotometer. Interference of
heparin with the results was ruled out by control measure-
ments.2
As a measure of nitric oxide production, concentrations of
the nitric oxide metabolites nitrite and nitrate were deter-
mined. The blood samples were centrifuged for 3 hours at
2000 rpm with a 10- m m filter (Centricon 10; Amicon Inc,
Beverly, Mass). Nitrate was transformed to nitrite by 3 hours
of incubation with nitrate reductase (Cayman’s Nitrate/Nitrite
Assay Kit; Alexis Corporation, San Diego, Calif). After the
addition of Griess reagent, absorbance at 550 nm was mea-
sured with a standard 96-well plate reader.3
Concentration of S-100 was measured by a luminescence
immunoassay (Sangtec 100; Sangtec Medical AB, Bromma,
Sweden), which determines the S100 B-subunit specific for
brain damage at a detection limit of 0.02 mg/L. The emitted
light was detected by a luminometer (Lumat LB 9501;
Berthold Systems, Inc, Aliquippa, Pa).4
Neuron-specific enolase was assayed by an enzyme
immunoassay (Cobas Core NSE EIA; Roche Diagnostics
Division, Basel, Switzerland) specific for the g subunit.5
Histologic evaluations. The brain of the animal was fixed
by perfusion with 4% paraformaldehyde 6 hours after reper-
fusion. Through a median sternotomy, a 12F cannula was
introduced into the brachiocephalic trunk and 1 L of a bal-
anced electrolyte solution (Normosol; Abbott Laboratories,
Abbott Park, Ill) was infused through the cannula from a
height of 1.5 m, followed by 4 L of 4% paraformaldehyde.
The superior vena cava was opened to vent the effluent. The
animal was then decapitated and the head was submerged in
10% formalin for an additional 24 hours, after which the
brain was removed and submerged in 4% formaldehyde, typ-
ically for 2 weeks.
After fixation the brain was blocked into 8 to 10 coronal
slabs that were embedded in paraffin, and 7-m m sections were
stained with hematoxylin and eosin. Injury to the brain was
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histologically evaluated by a pathologist in a blinded fashion.
Items on a standardized list of 24 of the major gray and white
matter structures according to the nomenclature for porcine
neuroanatomy, as previously described by Yoshikawa,6 were
examined; several of the most consistently damaged areas
were grouped and scored cumulatively as 4 categories: the
neocortex, the hippocampus, the caudate nucleus, and the
cerebellum. As in previous studies,7 neuropathologic damage
was evaluated primarily by the presence of hypereosinophilic
shrunken neurons with karyorrhectic nuclei suggestive of
recent hypoxic-ischemic injury. Histologic changes were
rated on an arbitrary scale: 0, represented no damage, 1 rep-
resented isolated damaged neurons, 2, represented small clus-
ters of damaged neurons, 3 represented large clusters of
injured neurons, 4 represented completely damaged neurons,
and 5 represented frank cavitated lesions with necrosis.
Statistical analysis. All results were expressed as mean ±
SEM. The operation was divided into 5 phases: baseline,
cooling, deep hypothermia and circulatory arrest, rewarming,
and reperfusion. To calculate differences between groups
within a phase the repeated measures function was used. The
Mann-Whitney U test was used for the analysis of the histo-
logic score. Statistical analyses were facilitated by SPSS sta-
tistical software (version 7.0 for Windows; SPSS Inc,
Chicago, Ill).
Results
Table I summarizes the experimental conditions of the
2 groups. Animals were similar in size and there were
no differences except for PO2 between the experimental
conditions before and during the operation. PaO2 and
PO2 in the jugular bulb decreased during rewarming and
showed lowest values at the end of rewarming. Lactate
levels in the jugular bulb increased significantly more
from baseline values during rewarming and reperfusion
in the normoxia group (480% versus 170% at the end of
rewarming, P < .05). Glucose levels tended to be high-
er in the normoxia group during rewarming (P = .051)
and the arterial–jugular venous glucose difference was
significantly higher (P = .028) during this phase in the
normoxia group. In the normoxia group 2 animals need-
ed dopamine infusion for weaning from bypass, where-
as no animals from the hyperoxia group required
dopamine.
Near-infrared spectroscopic measurements. There
were no statistically significant differences between the
groups with respect to the cytochrome a,a3 or oxyhe-
moglobin levels in any phase of the procedure (Fig 1).
However, both parameters tended to be lower in the
Table I. Experimental conditions
Cooling
Parameter Sample Group Baseline 5 min 15 min 25 min
PO2 (mm Hg) Arterial Normoxia 130 ± 12* 100 ± 7* 135 ± 40* 178 ± 25*
Arterial Hyperoxia 534 ± 42* 767 ± 44* 870 ± 30* 900 ± 0*
Bulbus jugularis Normoxia 57 ± 9† 38 ± 2† 46 ± 8† 57 ± 10†
Bulbus jugularis Hyperoxia 57 ± 5† 56 ± 3† 83 ± 6† 153 ± 27†
PCO2 (mm Hg) Arterial Normoxia 37.4 ± 2.3 34.3 ± 2.7 40.5 ± 3.5 37.8 ± 4.2
Arterial Hyperoxia 31.8 ± 2.3 33.0 ± 4.2 37.4 ± 4.3 37.1 ± 5.0
pH Arterial Normoxia 7.52 ± 0.02 7.55 ± 0.03 7.46 ± 0.02 7.46 ± 0.02
Arterial Hyperoxia 7.57 ± 0.02 7.56 ± 0.03 7.52 ± 0.04 7.52 ± 0.03
Hematocrit (%) Arterial Normoxia 28 ± 2 21 ± 1 24 ± 1 24 ± 1
Arterial Hyperoxia 28 ± 1 22 ± 1 23 ± 1 23 ± 1
Glucose (mg/dL) Arterial Normoxia 129 ± 25 109 ± 16 113 ± 17 144 ± 37
Arterial Hyperoxia 91 ± 5 110 ± 29 108 ± 24 103 ± 22
Glucose uptake Arterial and bulbus jugularis Normoxia 7 ± 7 22 ± 16 4 ± 2 24 ± 11
(mg/dL) Arterial and bulbus jugularis Hyperoxia 5 ± 1 12 ± 9 4 ± 3 2 ± 2
Lactate (mg/dL) Arterial Normoxia 2.3 ± 0.4 3.2 ± 0.5 4.5 ± 0.5 4.7 ± 0.4
Arterial Hyperoxia 4.0 ± 0.7 3.5 ± 0.4 4.4 ± 0.6 4.7 ± 0.6
Lactate increase Bulbus jugularis Normoxia 56 ± 44 72 ± 56 82 ± 56
(%) Bulbus jugularis Hyperoxia 5 ± 16 13 ± 15 16 ± 15
Esophageal Normoxia 36.7 ± 0.6 26.8 ± 1.3 16.9 ± 1.5 13.7 ± 0.4
temperature (°C) Hyperoxia 37.5 ± 0.3 28.8 ± 1.0 20.1 ± 1.0 15.3 ± 0.6
Mean arterial pressure Normoxia 107 ± 11 84 ± 12 80 ± 7 81 ± 8
(mm Hg) Hyperoxia 78 ± 5 76 ± 13 86 ± 9 83 ± 6
Blood gas values are not corrected for temperature. Differences between groups were calculated by means of repeated measures for a specific phase: baseline, cool-
ing, deep hypothermia and circulatory arrest, rewarming, and after bypass.
*P < .01 between groups.
†P < .05 between groups.
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normoxia group during deep hypothermia and circula-
tory arrest (P = .16).
Biochemical results. Biochemical results are shown
in Table II. The S-100 level was increased at the end of
the experiment with respect to baseline values (P =
.033) and tended to be slightly higher in the normoxia
group (1.52 versus 0.76 m g/L, P = .352). A tendency
towards higher values in the normoxia group was also
seen for neuron-specific enolase (6.14 versus 1.74
m g/L, P = .463). Nitric oxide production measured by
the nitrite and nitrate concentrations in arterial and
brain venous blood declined from baseline to the end of
the experiment (P < .05) without any significant differ-
ences between groups. Concentrations of products of
lipid peroxidation (malonaldehyde and 4-hydroxy-
2[E]-nonenal) were significantly increased from base-
line values after CPB and 6 hours of reperfusion in both
groups (55% and 36%, respectively, P < .05).
Concentrations of the lipid peroxidation products in the
jugular bulb tended to be higher in the hyperoxia group
at the end of the experiment (P = .14). Glutamic
oxaloacetate transaminase, glutamic pyruvic transami-
nase, creatine kinase, and lactate dehydrogenase con-
centrations did not show any differences between
groups.
Neuropathologic results. Neuropathologic results are
shown in Fig 2. Neurons with the typical histopathologic
features of hypoxic-ischemic injury, as found in previous
studies, were identifiable. Injury occurred primarily in
the frontoparietal cerebral cortex and to a lesser extent in
the caudate nucleus, in the distribution described previ-
ously.7 In addition, neurons exhibiting such features of
damage were found in the dentate gyrus of the hip-
pocampal pyramidal layer. There was a further lesion that
had not been seen in our group’s previous studies, a vac-
uolation of the Purkinje cells and molecular layer of the
cerebellar cortex. These neurons did not exhibit
eosinophilic cytoplasm, and although the vacuolation
made observation of the perikaryon unreliable the nuclei
did not appear pyknotic or karyorrhectic. Presumably the
vacuolation in the molecular layer reflected expansion or
swelling of the apical dendrites of the Purkinje cells.
There was a significant increase in brain damage in
the normoxia group with respect to that in the hyper-
oxia group (score 12.4 versus 8.6; P = .01), especially
in the neocortex and hippocampal regions.
Deep hypothermia 
and circulatory arrest Rewarming Off bypass
60 min 120 min 5 min 15 min 25 min 35 min 30 min End
90 ± 7* 90 ± 11* 64 ± 5* 75 ± 10* 181 ± 57 172 ± 37
646 ± 37* 600 ± 47* 545 ± 42* 519 ± 22* 236 ± 110 408 ± 87
60 ± 5† 47 ± 6† 47 ± 8† 32 ± 2† 50 ± 8 48 ± 11
113 ± 15† 62 ± 9† 56 ± 10† 65 ± 9† 69 ± 20 49 ± 6
50.8 ± 4.5 33.2 ± 6.1 29.6 ± 5.2 24.4 ± 5.6 45.0 ± 6.3 39.5 ± 2.2
50.8 ± 4.2 30.0 ± 6.2 31.7 ± 6.1 30.3 ± 4.5 41.0 ± 2.9 40.7 ± 2.4
7.33 ± 0.04 7.45 ± 0.06 7.45 ± 0.03 7.47 ± 0.04 7.31 ± 0.03 7.46 ± 0.06
7.39 ± 0.03 7.49 ± 0.04 7.47 ± 0.04 7.50 ± 0.04 7.34 ± 0.05 7.51 ± 0.03
22 ± 1 25 ± 1 26 ± 1 26 ± 1 32 ± 1 26 ± 4
20 ± 1 22 ± 1 24 ± 1 26 ± 1 30 ± 2 32 ± 3
208 ± 22 269 ± 27 260 ± 43 261 ± 46 219 ± 53 125 ± 27
132 ± 16 168 ± 36 159 ± 33 150 ± 29 126 ± 28 102 ± 10
58 ± 11† 59 ± 11† 41 ± 10† 31 ± 7† 6 ± 8 6 ± 4
17 ± 5† 29 ± 15† 15 ± 6 † 12 ± 2† 9 ± 5 13 ± 4
10.0 ± 0.6 11.5 ± 0.5 11.9 ± 1.0 12.3 ± 1.3 12.8 ± 0.8 7.9 ± 2.7
9.8 ± 1.5 11.3 ± 1.8 10.4 ± 0.8 10.6 ± 0.7 10.0 ± 0.9 3.4 ± 0.5
314 ± 73† 429 ± 95† 436 ± 76† 482 ± 87† 478 ± 73† 281 ± 142†
142 ± 41† 173 ± 45† 156 ± 35† 170 ± 42† 149 ± 27† 0 ± 18†
18.3 ± 0.2 18.6 ± 0.2 25.7 ± 0.5 33.7 ± 0.8 37.1 ± 0.7 38.4 ± 0.3 34.7 ± 0.5 37.0 ± 0.5
17.9 ± 0.5 18.3 ± 0.4 23.7 ± 1.4 31.1 ± 0.8 35.7 ± 0.9 37.4 ± 0.6 35.2 ± 0.4 37.5 ± 0.7
69 ± 5 73 ± 9.0 85 ± 10.5 94 ± 11.4 77 ± 7 98 ± 11
58 ± 5 92 ± 12.4 94 ± 4.0 95 ± 5.3 83 ± 5 114 ± 6




Normoxic management of CPB resulted in greater
cerebral injury in piglets undergoing 120 minutes of
deep hypothermia and circulatory arrest than did
hyperoxic management of CPB. The difference in
injury, as determined by histologic examination,
achieved statistical significance. Biochemical markers
of cerebral injury showed a consistent trend toward
greater injury in the normoxia group. Phase I of this
study suggested that the mechanism of this injury is not
likely to be gaseous microemboli. The trends observed
in NIRS suggest that the mechanism may be hypoxia,
as suggested by the redox state of cytochrome a,a3, par-
ticularly during the period of extended circulatory
arrest.
Ihnken and associates8 have emphasized the impor-
tant role of oxygen free radicals in exacerbating
myocardial injury during reperfusion after ischemia.
They reported higher lipid oxygenation, increased
nitric oxide formation, and worse cardiac contractility
with hyperoxic management of CPB after hypoxia and
ischemia-reperfusion of immature canine hearts than
with normoxic management.8 Furthermore, recent clin-
ical studies comparing hyperoxic and normoxic man-
Fig 1. Time course of cytochrome a,a3 and oxyhemoglobin concentrations during operation in hyperoxia group
(group H) and normoxia group (group N). A, Cytochrome a,a3 (Cytox) levels decreased during cooling and
dropped steeply with onset of deep hypothermia and circulatory arrest (DHCA). Cytochrome a,a3 values
decreased slightly further during deep hypothermia and circulatory arrest and increased again with rewarming,
reaching baseline values at end of CPB. B, Initial drop in oxyhemoglobin (HbO2) concentration with hemodilu-
tion at the start of CPB was followed by an increase above baseline values during further cooling. Deoxygenation
took place immediately after onset of deep hypothermia and circulatory arrest, plateauing within 20 minutes.
Oxyhemoglobin concentration recovered with beginning of rewarming, but values in normoxia group did not
reach baseline during 6 hours of reperfusion. Cytochrome a,a3 and oxyhemoglobin values tended to be lower in
normoxia group than in hyperoxic group during deep hypothermia and circulatory arrest (P = .16).
A
B
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agement of CPB in cyanotic children also revealed
higher damage from oxygen free radicals, as assessed
by products of lipid peroxidation, after reperfusion.9,10
These data have led many pediatric cardiac surgery
centers to change from hyperoxic to normoxic manage-
ment of CPB.
Increased lipid peroxidation, a marker of free oxygen
radical damage, was indeed observed in our study, with
higher oxygenation during CPB tending to increase
these products as would be anticipated. However, oxy-
gen free radicals are only one of several possible causes
of neurologic damage, and their detrimental effects in
the hyperoxia group were outweighed by other factors.
In keeping with other studies,11 nitric oxide produc-
tion decreased until the animals were killed 6 hours
after deep hypothermia and circulatory arrest in this
study. However, there were no differences between
groups. A decrease in nitric oxide could play a role in
the pathogenesis of brain injury by causing impair-
ment of cerebral perfusion and metabolism,12 but our
results indicate that the observed differences in brain
injury are unlikely to be due to differences in nitric
oxide metabolism.
Different areas of the brain are known to have differ-
ent degrees of vulnerability to a global hypoxic-
ischemic insult such as is imposed during deep
hypothermia and circulatory arrest. In rodent models
the hippocampus (responsible for short-term memory)
is usually most severely affected. The pattern of histo-
logically demonstrated brain injury in this study was
slightly different from that previously seen in our
longer term survival studies of pigs that were killed on
the fourth postoperative day after deep hypothermia
and circulatory arrest.13 The damage in this study was
much more marked in the hippocampus. The differ-
ences between studies may be explained by the longer
duration of ischemia (100 vs 120 minutes), phagocyto-
sis of the damaged neurons during the longer survival
interval, or regional variations in the time course of
delayed neuronal injury.
It is interesting that our neuropathologist (who as in
our previous studies was blinded to treatment assign-
ment) was able to discern any damage at 6 hours after
injury, because the neuropathologic literature suggests
that injury is only detectable at the light microscopic
level after 8 to 12 hours. Other than a greater degree of
injury in the hippocampus, the pattern was for the most
part similar to that seen previously after deep hypother-
mia and circulatory arrest in piglets but much less
severe than would be expected after 120 minutes of cir-
culatory arrest. It is probable that animals from both
groups would have shown more severe damage had
they been allowed to survive for 4 to 5 days because of
both maturation of the histologic changes and ongoing
delayed neuronal death.
Although we have speculated that the mechanism of
improved outcome with hyperoxic perfusion is a sim-
ple improvement in intracellular brain oxygenation,
Fig 2. Histopathologic damage in hyperoxia group (group H) and normoxia group (group N). After perfusion and
fixation of brain 6 hours after start of reperfusion, distinct regions of brains were analyzed by light microscopy
with a scoring system ranging from 0 to 5 (see Methods section). Damage scores for all regions were summed
and shown as single values for anatomic structures neocortex, hippocampus, caudate nucleus, and cerebellum and
for total brain (eg, score of neocortex was assessed by adding scores of the 4 cortex regions, frontal, temporal,
occipital, and parietal). Most severe damage was seen in the neocortex and hippocampal regions. Normoxic man-
agement of CPB led to a highly significant increase in brain damage with respect to hyperoxic management of
CPB. Asterisk represents P = .01.
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there may be other causes for the differences in out-
come between the normoxia and hyperoxia groups.
Also, this study does not help to determine whether dif-
ferences in PaO2 before CPB, during cooling, or during
rewarming are of equal or indeed any importance.
Previous studies of brain tissue PO2 have shown that
hyperoxia at normothermia changes the average brain
tissue PO2 only minimally.14 Furthermore, hyperoxia
has been shown to cause cerebral vasoconstriction15
that leads to nonhomogeneous oxygen distribution.16
Although the relative changes in the NIRS signals sup-
port the hypothesis that the improved outcome results
from improved oxygen delivery, it is important to
remember that the NIRS measurements taken in this
study were relative and that there could have been
important differences in baseline values. Although such
differences cannot be excluded, they are most likely
subtle because the redox status of cytochrome is
believed to change only under severely hypoxic condi-
tions17 and the hemoglobin signal is derived mainly
from venous blood in the brain.18
Increasing arterial and venous PO2 values during
cooling were paralleled by a rising cerebral oxyhemo-
globin signal and a decreasing cytochrome a,a3 signal,
which we have seen in previous experimental and clin-
ical studies.13,19 Cytochrome a,a3 and oxyhemoglobin
concentrations tended to be higher during cooling and
during deep hypothermia and circulatory arrest in the
hyperoxia group, despite a presumed higher absolute
baseline with respect to the normoxia group. Maximal
decrease of the cytochrome a,a3 value during deep
hypothermia and circulatory arrest has been shown to
correlate with histologically demonstrated brain dam-
age in previous studies from our laboratory.20 Further-
more, cytochrome a,a3 values have been correlated
with adenosine triphosphate levels of the brain during
cardiac operations,20 suggesting that the energy status
of the brain starts to become depleted during cooling
before deep hypothermia and circulatory arrest. The
paradoxic finding of impaired brain oxygenation
despite increasing PaO2 may be explained by hemodi-
lution and an increased affinity of oxygen for hemo-
globin with the hypothermia and alkalosis that occur
during alpha-stat management. Clinical data and a
mathematical model indicate that oxygenation of the
brain during deep hypothermia depends on the amount
of physically dissolved oxygen.21,22 A PaO2 within the
reference range, such as was used in the normoxia
Table II. Biochemical results
Site of 30 min Increase End of Increase 
Parameter Group measurement Baseline off bypass (%) experiment (%)
S-100 (m g/L) Normoxia Bulbus jugularis 0.53 ± 0.24 1.52 ± 1.75 186*
Hyperoxia Bulbus jugularis 0.23 ± 0.26 0.76 ± 0.60 230*
Neuron-specific enolase Normoxia Bulbus jugularis 4.24 ± 3.89 6.14 ± 3.58 45
(m g/L)
Hyperoxia Bulbus jugularis 2.34 ± 5.36 1.74 ± 6.1 –25
Nitrite and nitrate (m mol/L) Normoxia Arterial 68 ± 18.1 53 ± 6.8 –22* 41 ± 15.0 –40*
Hyperoxia Arterial 90 ± 25.4 76 ± 18.8 –16* 62 ± 23.6 –31*
Normoxia Bulbus jugularis 63 ± 13.6 49 ± 12.9 –20* 45 ± 15.6 –29*
Hyperoxia Bulbus jugularis 97 ± 22.1 79 ± 14.9 –19* 69 ± 18.4 –29*
Ratio of malonaldehyde Normoxia Arterial 1.7 ± 0.21 2.7 ± 0.30 59* 2.1 ± 0.32 24*
to 4-hydroxy-2(E)-nonenal
Hyperoxia Arterial 2.1 ± 0.37 3.0 ± 0.42 43* 3.2 ± 0.85 52*
Normoxia Bulbus jugularis 2.1 ± 0.09 3.2 ± 0.22 51* 2.4 ± 0.16 14*
Hyperoxia Bulbus jugularis 2.2 ± 0.24 3.4 ± 0.23 55* 3.6 ± 0.66 64*
Creatinine kinase (U/L) Normoxia Arterial 3346 ± 822
Hyperoxia Arterial 3932 ± 473
Lactate dehydrogenase Normoxia Arterial 2052 ± 702
(U/L) Hyperoxia Arterial 1470 ± 208
Glutamic oxaloacetate 
transaminase (U/L) Normoxia Arterial 323 ± 80
Hyperoxia Arterial 298 ± 66
Glutamic-pyruvic 
transaminase(U/L) Normoxia Arterial 32 ± 10
Hyperoxia Arterial 36 ± 13
The increases of parameters with respect to baseline values were calculated. Differences between groups were not significant.
*Significant change from baseline values within groups.
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group, may be insufficient to meet the oxygen demand
of the brain during cooling.
During rewarming PO2 values in the jugular bulb
were significantly lower in the normoxia group.
Clinical studies have shown that severe desaturation in
the jugular bulb during rewarming is associated with
postoperative neuropsychologic deficits.23
This study confirms a probable reduction in free rad-
ical injury with normoxic CPB management relative to
hyperoxic CPB management. However, normoxic per-
fusion results in greater histologically demonstrated
brain injury after a prolonged period of deep hypother-
mia and circulatory arrest. In view of the findings of
phase I of this study that cerebral microemboli are not
increased if a membrane oxygenator is used with an
arterial filter and despite the limitations of current
NIRS technology, the most likely mechanism of
increased injury appears to be cerebral neuronal hypox-
ia. In our clinical practice we therefore currently use
pure oxygen for all pediatric CPB.
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